chromosomal polymorphisms in fishes. FISH with telomeric probe applied to metaphase spreads of androgenetic specimens that hatched from eggs exposed to ionizing radiation before insemination enabled the detection of small radiation-induced fragments of maternal chromosomes. Remnants of the irradiated chromosomes were found to be ring chromosomes with the interstitial telomeric signals, telomerless rings, fragments with fused sister chromatids, and linear fragments with telomeres detected at both of their ends. The increasing availability of techniques enabling the study of fish telomeres and telomerase and the easy access to numerous fish species strongly confirm that these animals are promising models in research concerning the role of telomeres and telomerase in vertebrate aging, repair of ionizing radiation-induced DNA double strand breaks, and chromosomal rearrangements.
are observed in some laboratory mice strains and chicken genetic lines, respectively [Kipling and Cooke, 1990; Delany et al., 2000; O'Hare and Delany, 2009] . Furthermore, variations in the length of the telomeric repeats have been observed between non-homologous and even homologous chromosomes within individuals [Landsorp et al., 1996; Londoño-Vallejo et al., 2001] . In the mouse, p arm telomeres are shorter than their q arm counterparts [Zijlmans et al., 1997] .
Telomeres protect chromosomes from end-to-end fusions and degradation, guarantee their complete replication and allow DNA repair machinery to distinguish natural chromosomal ends from the ends that appear in the course of breakage events [de Lange, 2002; Bolzán and Bianchi, 2006] . Telomeric sequences may also be a component of the native satellite DNA [Garrido-Ramos et al., 1998 ]. Telomeres ensure proper chromosome topology in the nucleus and may silence genes located in the vicinity of the telomeric region [Ludérus et al., 1996; de Lange, 2002] . Telomeres shorten after each round of the cell division due to the 'end replication problem' [Olovnikov, 1973] . In several species, however, this loss may be compensated mainly by the telomerase, an enzyme whose catalytic protein subunit (telomerase reverse transcriptase) adds telomeric DNA repeats to the end of telomeres, using an integral RNA component as a template (telomerase RNA). Other cellular mechanisms, such as reciprocal recombination and transposition of the chromosomal terminal elements, may also be engaged in the telomere length maintenance [Biessmann and Mason, 1997] .
Although telomeres, by definition, are terminal elements of the chromosomes, TTAGGG repeats are also observed at non-telomeric locations and are referred to as interstitial or internal telomeric sequences (ITSs), interstitial telomeric repeat sequences or interstitial telomeric bands. Based on the chromosomal location, length, DNA composition, and the origin, several kinds of the ITSs have been described [Bolzán and Bianchi, 2006; Lin and Yan, 2008; Ruiz-Herrera et al., 2008] . Internal telomeric sequences are usually considered as relicts of the ancient fusions of the ancestral chromosomes [Meyne et al., 1990] . Furthermore, telomeric DNA sequences may be inserted into the interstitial positions by the telomerase or transposition of the (TTAGGG) n fragment to repair the DNA double strand breaks (DSBs) [Nergadze et al., 2007] . Although such ITSs are usually short (from a few tens to a few hundred base pairs), they are widely distributed in the genomes of several mammalian species [Nergadze et al., 2007; Ruiz-Herrera et al., 2008] . As ITSs sometimes co-localize with the breakage sites, interstitial telomeric arrays are considered as 'hot spots' for recombination [Ashley and Ward, 1993] .
In recent years, many fish species have become promising vertebrate models in studies regarding the length of the telomeres and the expression of the telomerase during aging and tissue regeneration [Elmore et al., 2008; Anchelin et al., 2011] . Fluorescence in situ hybridization (FISH) with both conventional and peptide nucleic acid telomeric probes and primed in situ labeling with (TTAGGG) 7 / (CCCTAA) 7 primers made the identification of telomeric DNA sequences in the chromosomes of approximately 80 fish species representing distant taxonomic groups possible [e.g. Fontana et al., 1998; Chew et al., 2002; Moreschalchi et al., 2002; Rocco et al., 2002] . In some of these species, telomeric DNA sequences located far from the chromosomal ends have been observed ( table 1 ) . Moreover, distribution of the telomeric DNA sequences on the γ-and X-radiation-induced chromosome fragments was investigated in rainbow trout (Oncorhynchus mykiss) and brook trout (Salvelinus fontinalis) specimens provided by artificially induced androgenesis [Ocalewicz et al., 2004c [Ocalewicz et al., , 2009a . This paper reviews the current state of knowledge on the length and chromosomal localization of the telomeric DNA sequences in fishes. Special attention has been dedicated to the non-terminally located TTAGGG repeats. Mechanisms leading to the formation of the intrachromosomal telomeric sites, as well as their functions, are discussed here.
Telomere Length in Fishes
The length of the telomeric DNA arrays in fish shows interspecies variation and ranges from 2 to 25 kb [Lund et al., 2009; Downs et al., 2012] . Rather short telomeres are observed in some of the sharks and rays (about 3 kb) [Rocco et al., 2001] , in Nothobranchius furzeri (4.5-6.6 kb) [Hartman et al., 2009] and Xiphophorus fish species (2-6 kb) [Downs et al., 2012] . The Nile tilapia (Oreochromis niloticus) shows telomeric repeat tracts extending for 4-10 kb [Chew et al., 2002] , while telomere length in medaka (Oryzias latipes) oscillates from 3 to 12 kb [Elmore et al., 2008] . Telomeres more similar in length to the average vertebrate telomeres are observed in the rainbow trout, dogfish shark (Squalus acanthias) , little skate (Raja erinacea) , and American eel (Anguilla rostrata) [Lejnine et al., 1995; Elmore et al., 2008] . The adult zebrafish (Danio rerio) have been shown to possess telomeres of about 16 kb [Anchelin et al., 2011] or even longer (20-25 kb) [Lund et al., 2009] .
In contrast to humans, where telomerase expression in adults is restricted to germ line cells, stem cells and tumors, expression of telomerase in various fish species has been detected in many tissues irrespective of the fish age [Klapper et al., 1998; Elmore et al., 2008; Hartman et al., 2009; Lund et al., 2009] . In recent studies, telomerase expression in fishes was shown to be upregulated during the regeneration of the injured tissues [Elmore et al., 2008; Anchelin et al., 2011] . However, as far as the relationship between telomerase expression and the fish regeneration capacity has been revealed, the role of telomerase in retention of the telomere length throughout the fish's entire life is not fully understood. Telomere shortening with age has been observed in medaka (O. latipes) and in the long-lived strain of the turquoise killifish (N. furzeri) [Hatekeyama et al., 2008; Hartmann et al., 2009] . However, such telomere attrition has not been detected in the short-lived strain of the killifish and in the wild-type zebrafish [Hartmann et al., 2009; Lund et al., 2009] . On the contrary, in the zebrafish individuals from another stock, the telomere length has been observed to increase from larvae to the adult fish and shorten significantly in the aged individuals [Anchelin et al., 2011] . In fish, the chromosomal distribution of the telomeric DNA sequences is described in approximately 74 rayfinned species (Actinopterygii), 1 lobe-finned fish (Sarcopterygii) [Moreschalchi et al., 2002] and 4 cartilaginous fishes (Chondrichthyes) [Rocco et al., 2001 . Among actinopterygians, chromosomal location of the telomeric DNA repeats has been examined in the Chondrostei species from 2 orders: Acipenseriformes [Fontana et al., 1998 [Fontana et al., , 2004 [Fontana et al., , 2008 and Polypteriformes [Moreschalchi et al., 2007 [Moreschalchi et al., , 2008 . Within ray-finned fish of the infraclass Teleostei, the chromosomal distribution of the telomeric DNA sequences has been studied in fish species belonging to 15 orders: Anguilliformes [Salvadori et al., 1995] , Batrachoidoformes [Merlo et al., 2007] , Characiformes [de Marco Ferro et al., 2003; , Cypriniformes [Meyne et al., 1990; Gornung et al., 1998; Sola et al., 2003a; Ocalewicz et al., 2004a; Gromicho et al., 2006; Schmid et al., 2006] , Gasterosteiformes [Ocalewicz et al., 2011] , Gymnotiformes [Milhomem et al., 2008; Silva et al., 2009; Felippe and Foresti, 2010; Scacchetti et al., 2011] , Mugiliformes [Gornung et al., 2004; Rossi et al., 2005] , Osmeriformes , Perciformes [Mandrioli et al., 2000; Sola et al., 2000 Sola et al., , 2003b Chew et al., 2002; Molina and Galetti, 2002; Mota-Velasco et al., 2010; Wang et al., 2010; Jacobina et al., 2011; Ocalewicz and Sapota, 2011; Jankun et al., 2013] , Pleuronectiformes [Cross et al., 2006; Ocalewicz et al., 2008a] , Salmoniformes [Reed and Phillips, 1995; Abuin et al., 1996; Ocalewicz et al., 2004b Ocalewicz et al., , 2008b Jankun et al., 2007; Pomianowski et al., 2012] , Scorpaeniformes [Caputo et al., 1998 ], Siluriformes [Margarido and Moreira-Filo, 2008; Rosa et al., 2012; Blanco et al., 2013] , Syngnathiformes [Libertini et al., 2006] , and Tetraodontiformes [Mandrioli et al., 1999; Fisher et al., 2000] . In all of these fish species, telomeric DNA sequences were observed at the very ends of all chromosomes including supernumerary B chromosomes [de Marco Ferro et al., 2003; Schmid et al., 2006] . In several fishes, interchromosomal variation in the intensity of the fluorescence signals after hybridization with the telomeric probe has been detected Ocalewicz and Dobosz, 2009; Pomianowski et al., 2012] . The differences in the telomere hybridization signal intensity observed on the different chromosomes are likely related to the variations in their respective telomere lengths [Landsorp et al., 1996] . In the albino rainbow trout, length polymorphism of the p arm of the X chromosome was observed and 2 morphs of the X chromosome were described. FISH with peptide nucleic acid telomeric probe exhibited weak hybridization spots on the p arm of the X chromosome short morph (X S ) when compared to the distinct hybridization spots displayed on the p arm of the X chromosome long morph (X L ) ( fig. 1 a,  b) . Differences in the telomere hybridization signal intensity observed between p arms of the X S and X L chromosomes may reflect variations in their telomere lengths. The faint telomeric signal detected on the X chromosome morph with a reduced short arm (X S ) indicates an interstitial deletion of the chromatic segment with one of the breakpoints located within the telomeric region [Ocalewicz and Dobosz, 2009] .
Apart from the terminal locations, additional non-terminal sites of the telomeric fluorescence hybridization spots are observed in about 33 fish species ( table 1 ). The number of the chromosomes showing ITSs varies from 1 to 16 ( table 1 ) . Although such ITS sites are usually detected in the autosomes, ITS on the fish sex chromosomes have also been described ( table 1 ) . Based on the chromosomal locations of the non-terminal telomeric DNA sequences in fishes, we differentiate 4 main groups of such sites: (1) telomeric DNA sequences located at the pericentromeric regions, (2) interstitial telomeric sites observed between centromeres and the real telomeres ( fig. 1 ), (3) telomeric DNA scattered along nucleolus organizer regions (NORs), and (4) telomeric DNA repeats interspersed with the entire chromosomes ( table 1 ).
Pericentromeric and Interstitial Telomeric DNA Sequences
Inactivation or physical elimination of the telomeres may lead to chromosome fusions [Slijepcevic, 1998] . If the telomeres lost their functions but remained at the chromosomal ends, fused chromosomes might show telomeric repeats at the fusion point. Thus, both pericentromeric and interstitial telomeric sites are usually considered as relicts of the ancient chromosomal rearrangements, namely centric fusions and tandem fusions, respectively [Meyne et al., 1990] . ITSs have been observed in many mammalian and non-mammalian species, showing more degenerative karyotypes when compared to their plesiomorphic (ancestral) complements [Meyne et al., 1990] . The karyotype, consisting of 48 uni-armed chromosomes, (FN = 48) is supposed to be the ancestral karyotype in the Teleostei fishes [Ohno, 1970] . None of the teleostean species with telomeric DNA sequences detected at pericentromeric locations show such a karyotypic pattern ( [Chew et al., 2002] . This observation supported the hypothesis that chromosome 1 in the Nile tilapia appeared in the course of the fusion of 3 chromosomes and explained the reduction of the chromosome number of the ancestral cichlid karyotype from 2n = 48 to 2n = 44 [Chew et al., 2002] . In Oreochromis karongae , the diploid chromosome number is reduced to 38. The presence of 3 medium-sized chromosomes and the absence of 6 small chromosomes in the O. karongae karyotype, when compared to the Nile tilapia, suggest that the medium-sized chromosomes (2, 3 and 4) originated from fusion [Harvey et al., 2002] . The occurrence of the ITS sites on all 3 of these chromosomes confirms this assumption. The position of the current and relict centromeres and ITS sites in O. karongae suggests that the 3 fusions all occurred in different orientations [Mota-Velasco et al., 2010] . Two ITSs have also been observed in chromosome 1 of O. karongae that has been corroborated to share the homology with the largest chromosome pair in the Nile tilapia [Ocalewicz et al., 2009b; Mota-Velasco et al., 2010] . In the Erythrinidae family, 2n = 54 is the most frequently observed chromosome number. The chromosome number reduction from 54 to 52/51 (females/males) observed in the Erythrinus erythrinus fish has been attributed to the centric fusions of the non-homologous acrocentric chromosomes. ITSs sites observed at the pericentromeric regions of 2 submetacentric chromosomes and the metacentric Y chromosome are presumably relicts of such rearrangements . In the Hoplias malabaricus karyomorph with a X 1 X 2 Y sex chromosome system, interstitially located telomeric repeats observed on the long arm of the neo-Y chromosome may be a 'footprint' of the tandem fusion between the ancestral Y chromosome and one of the autosomes . In the cartilaginous fishes that are considered as the ancient vertebrates, 2 species (Taeniura lymma and Torpedo ocellata) show pericentromeric location of telomeric DNA sequences detected on 4 bi-armed chromosomes [Rocco et al., 2001 . This is in agreement with the hypothesis that in cartilaginous fish, karyotype evolution involved a progressive decrease of the chromosome number due to chromosomal fusions [Rocco et al., 2001 .
In fishes, as in other vertebrate species, pericentromeric ITSs are usually observed within or at the margin of the constitutive heterochromatin (positive C-band) [e.g. Meyne et al., 1990; Go et al., 2000; Milhomem et al., 2008; Scacchetti et al., 2011; Rosa et al., 2012] . This coincidence enabled Ruiz-Herrera et al. [2008] to describe such sites as heterochromatic ITSs (het-ITSs). The authors suggested a 4-step mechanism to explain the presence of such sites in the fused chromosomes: (1) The first step is the initial fusion event without loss of the telomeric sequences from the fusion site. (2) The next step is the formation of the (peri)centromeric heterochromatin by expansion of the internally located telomeric arrays including amplification of the telomeric sequences and other repeats. (3) Subsequently, the heterochromatic ITSs may be reorganized via chromosomal rearrangements resulting in the redistribution of the telomeric DNA, degeneration of the original ITS array, gradual shortening of the array, and even loss of the ITS. (4) Finally, the breakage within the heterochromatic ITS site may result in chromosome fissions [Ruiz-Herrera et al., 2008] .
Not all chromosome fusions occur with retention of the telomeric DNA repeats at the fusion points [Garagna et al., 1995; Nanda et al., 1995] . The lack of the telomeric hybridization signals at the putative fusion sites may suggest that chromosome breakage preceding the fusion event occurred within the chromatin proximal to the telomeric region. On the other hand, telomeric repeats retained at the fusion sites might have experienced successive loss and degeneration leading to gradual shortening of the non-functional telomeric arrays [Slijepcevic, 1998 ]. Consequently, internally located telomeric repeats that are too short may be below the resolution of the techniques enabling chromosomal localization of the DNA sequences. The teleostean ancestral-like karyotype is also considered as basal in Scorpeanidae fishes; however, in Scorpaena notata , only 34 uni-armed chromosomes (FN = 34) are observed. In this case, series of tandem fusions might be responsible for the chromosome and chromosome arm number reduction from 48 to 34. Nevertheless, only one pair of S. notata chromosomes showed ITSs at the putative fusion sites [Caputo et al., 1998 ]. Chromosomal rearrangements such as centric and tandem fusions have played an important role in the salmonid karyotype evolution during the rediploidization process following the whole genome duplication event that occurred in the salmonid ancestor 100-25 Mya [Allendorf and Thorgaard, 1984] . The first tetraploid salmonid ancestor is thought to have 96 uni-armed chromosomes [Phillips and Ráb, 2001] . This karyotype underwent multiple chromosomal rearrangements leading to the formation of many different karyotypes composed of both biarmed and uni-armed chromosomes in which the diploid numbers vary from 52 to 102 [Phillips and Ráb, 2001] . However, so far the only fused chromosomes which retained telomeric sequences at the fusion points have been observed in the Atlantic salmon karyotype [Abuín et al., 1996] . The diploid chromosome number in the knifefish ( Gymnotus sp.) ranges from 2n = 40 to 2n = 54. Although multiple rearrangements including chromosome fusions are considered to be responsible for such variation, presently, pericentromeric locations of the telomeric DNA repeats have been found only in the most derived karyotypes (2n = 40) described in Gymnotus sylvius [Scacchetti et al., 2011] and in G. carapo [Milhomem et al., 2008] . Similarly, among several fused metacentric chromosomes described in the Rineloricaria lima , siluriform species with diploid chromosome numbers varying from 66 to 70, only 2 such chromosomes show telomeric DNA sequences at the fusion sites [Rosa et al., 2012] .
A puzzling observation has been made in the bitterlings (Acheilognathinae). Two species, the Japanese bitterling (Rhodeus ocellatus kurumeus) and the oily bitterling (Tanakia limbata) , sharing the same type of the karyotype that comprises 8 metacentric, 20 submetacentric and 20 subtelocentric chromosomes, show different distribution patterns of the telomeric hybridization signals. In the Japanese bitterling, interstitial telomeric sites were observed in the pericentromeric regions of 14-16 chromosomes, whereas in the oily bitterling, telomeric DNA sequences were confined to the chromosomal ends [Sola et al., 2003a] . If the ITSs occurred in the ancestor of both bitterlings, then such internally located telomeric DNA repeats had to evolve in different ways after divergence of these species.
Nevertheless, internally located telomeric repeats do not necessarily need to be the remnants of any ancient chromosomal rearrangements. Previously, several authors suggested that telomeric or telomeric-like DNA sequences were components of the satellite DNA in some vertebrates including fish [Garrido-Ramos et al., 1998 ]. Unexpectedly, the location of ITSs has been described in the conserved karyotypes of the American hylid frogs [Wiley et al., 1992] , Xenopus laevis [Meyne et al., 1990 , Ocalewicz Cytogenet Genome Res 2013 141:114-125 DOI: 10.1159/000354278 120 Nanda et al., 2008] and X. clivii [Nanda et al., 2008] . Homogeneity of the karyotypes among related species excluded chromosome fusions as the potential source of ITSs. ITSs in some of the marsupial mammals with the plesiomorphic complements (2n = 14) are suggested to be members of the native satellite DNA rather than relicts of the recent chromosome rearrangements [Metcalfe et al., 2004] .
Interstitial Telomeric DNA Sequences and the NORs
ITSs are also observed in the vicinity of the NORs or even coincide with the NORs. Three Salvelinus species: lake trout (S. namaycush) , brook trout (S. fontinalis) and the Arctic charr (S. alpinus) , show subterminal positions of the ITSs assigned to the vicinity of the NOR-related CMA 3 -positive GC-rich heterochromatin [Reed and Phillips, 1995; Ocalewicz et al., 2004b; Pomianowski et al., 2012] . G-rich chromosomal regions are involved in several rearrangements resulting in multichromosomal locations and variations in size of the CMA 3 positively stained chromatin in Salvelinus species [Phillips et al., 1988; Phillips and Ráb, 2001] . Dispersion of the GC-rich chromatin among homologous and non-homologous chromosomes could be followed by the insertion of the telomeric repeats linked to the translocated fragment into the interstitial position. In the case of the Arctic charr metaphase spreads showing extended chromatin, the non-telomeric fluorescence hybridization signal covered a longer stretch of the chromosome than the signal from the telomere position; however, the interstitial signal was less intense. This observation suggested that telomeric regions and ITS might have different structures [Pomianowski et al., 2012] . It is possible that telomeric DNA sequences were not the only component of the ITS region. Internally inserted short telomeric repeats are frequently flanked by the repetitive or transposable elements and undergo an amplification process, leading to elongation/ expansion of the chromatic region built with different DNA sequences including telomeric repeats [GarridoRamos et al., 1998 ]. ITSs are also considered as sites that are able to promote recombination, and thus, they may potentially increase the rates of chromosome breaks and rearrangements [Lin and Yan, 2008] . This could partially explain the high level of size and location polymorphisms of the NOR regions in Salvelinus species [Phillips et al., 1988; Phillips and Ráb, 2001; Pomianowski et al., 2012] .
Telomeric DNA sequences are observed to scatter along the NORs in 12 fish species belonging to Anguilliformes, Mugiliformes, Salmonifromes, and Syngnathiformes ( table 1 ). In the mullets (Mugiliformes, Mugilidae), co-localization of the telomeric repeats and major rDNA sequences seems to be a common pattern [Gornung et al., 2004; Rossi et al., 2005] ( table 1 ) . Similar location of the telomeric repeats has been previously described in the mammalian and amphibian species [Meyne et al., 1990; Liu and Fredga, 1999; Zhdanova et al., 2007; Nanda et al., 2008] . Although the origin and function of the telomeric repeats interspersed with the rDNA sequences are unclear, it has been suggested that such located telomeric arrays play some role in the nucleolus formation. On the other hand, ribosomal repeats co-localized with the telomeric sequences can stabilize broken chromosomal ends [Pich et al., 1996; Liu and Fredga, 1999] . Telomeres may silence genes located in their vicinity. Such a phenomenon is called a 'telomere position effect' [Gottschling et al., 1990] . Thus, it is reasonable to assume that ITSs observed in the vicinity of NORs or interspersed with the major rDNA sequences may epigenetically inactivate NORs [Guillén et al., 2004] .
Telomeric DNA Repeats Interspersed with the Entire Sturgeon Microchromosomes
The karyotypes of the Acipenseriformes (sturgeons and paddlefishes) are characterized by a large number of chromosomes, about half of which are microchromosomes. In the Russian sturgeon (Acipenser gueldenstaedtii) and in the lake sturgeon (A. fulvescens) , 2 entire microchromosomes showed bright fluorescence signals derived from the telomeric probe [Fontana et al., 1998 [Fontana et al., , 2004 . Similar distribution patterns of the hybridization signals have been described in some of the bird and reptile microchromosomes [Nanda et al., 2002; Srikulnath et al., 2011] . To intersperse with the entire microchromosomes, telomeric DNA sequences must have undergone extensive amplification processes extending telomeric arrays to an exceptional length ranging from 40 kb to 2 Mb or even longer [Delany et al., 2000] . As telomeric DNA sequences may promote recombination processes, their abundance may explain the enormously high recombination rate observed in the avian microchromosomes [Nanda et al., 2002] . including, for example, dicentric chromosomes, centric rings or acentric linear fragments. [Hlatky et al., 2002] . The damaging feature of the ionizing radiation makes it suitable for inactivation of the nuclear DNA in the fish gametes during the process of artificially induced gynogenesis and androgenesis to deliver specimens possessing only maternal or paternal nuclear DNA, respectively. Gynogenetic and androgenetic fish are produced in the course of a 3-step process: irradiation of spermatozoa (gynogenesis) or eggs (androgenesis), insemination, and diploidization of the maternal or paternal chromosomes. The last step is achieved by the exposure of the haploid zygotes to the thermal or hydrostatic pressure shock inhibiting the release of the second polar body (heterozygous gynogenesis) or suppressing the first mitotic division of the zygote (homozygous gynogenesis and androgenesis) [Pandian and Koteeswaran, 1998] . A low radiation dose may result in the incomplete damaging of the nuclear genome. Undamaged pieces of the irradiated chromosomes may retain in the gynogenetic and androgenetic specimens as radiation-induced chromosome fragments [Chourrout and Quillet, 1982; Ocalewicz et al., 2004c] . As such fragments are usually much smaller than the smallest intact chromosomes, it was very difficult to define their morphology until application of FISH with the telomeric probe ( fig. 2 a) [Ocalewicz et al., 2004c . Distribution patterns of the telomeric hybridization signals on the rainbow and brook trout ionizing radiation-induced chromosome fragments led to the discrimination of several groups: (1) linear chromosome fragments with telomeric DNA sequences at both ends, (2) ring chromosomes with fused, broken chromosome arms showing no telomeric signals, (3) ring chromosomes formed in the course of fusion of the radiationbroken chromosome arms with the opposite telomeric region and displayed interstitial telomeric signals at the fusion point, and (4) radiation-induced chromosome fragments with 2 telomeric signals observed in only one arm ( fig. 2 b-e) . Moreover, ITSs observed on several androgenetic rainbow trout chromosomes suggest that radiation-induced chromosome fragments of maternal origin may incorporate into the paternal chromosomes ( fig. 2 f) [Ocalewicz et al., 2004c] . Fragments with the chromosome breaks on both sides of the centromere form ring chromosomes, presumably in the course of non-homologous end joining repair [e.g. Pfeifer et al., 2004] . On the other hand, the broken ends of the chromosomes could have been repaired with the telomeric DNA repeats synthesized de novo by telomerase or another mechanism capable of de novo telomere addition [Biessmann et al., 1990] and retain the linear construction [Ocalewicz et al., 2000a] . The rings with 2 interstitially located telomeric signals described in the androgenetic brook trout might have also been formed in the course of fusion of the radiation-broken chromosome arm with the opposite unbroken arm or arm broken within the telomeric region [Henegariu et al., 1997] . However, we do not exclude that this fragment might have originated from one of the brook trout chro- 122 mosomes with the ITSs [Ocalewicz et al., 2004b] . Chromosome fragments showing 2 always terminally located telomeres represented another chromatin arrangement. The shape and distribution of the hybridization spots suggested the telomere loss in only one chromosome arm and the fusion between sister chromatids. Although telomerase is capable to heal broken ends of the irradiated fish chromosomes, most of the fragments found in the androgenetic fish show a spherical shape. For instance, it is possible that fish telomerase is not always able to heal the broken chromosome ends with the newly synthesized telomeric DNA due to the limited access to the DNA breaks [Latre et al., 2004] . However, telomerase in fish seems to be involved in the DSB repair, which is in agreement with the observations made in the mammalian genomes [Ruiz-Herrera et al., 2008] .
Conclusions
There are several reasons to consider fish as model animals in studies concerning genomic organization of the telomeric DNA sequences and expression of the telomerase. As the DNA component of the telomeres is conserved among vertebrates, chromosomal distribution and length of the telomeric repeats in fish may be studied with the help of widely available molecular tools already accepted for similar research performed in other vertebrates. The length of the telomeric DNA sequences in most of the fish species studied to date is similar to the telomere length observed in the normal human cells. Moreover, in some of the fish species, telomere shortening with age has also been observed. Less than half of about 80 fish species studied to date show telomeric DNA sequences located far from the chromosomal ends. Such non-terminally located telomeric repeats in fish are usually observed at the pericentromeric regions and between centromeres and the real telomeres. (TTAGGG) n sequences may be also interspersed with the entire fish chromosomes or their particular segments like NORs. Most of the ITSs detected in the fish genome appeared in the course of the rearrangements that are responsible for the ITSs formation in the higher vertebrates. Although telomerase has been shown to be expressed in most cells throughout the fish's entire life, no positive relationship between telomerase activity and the fish longevity has been confirmed. On the other hand, it has been proven that telomerase in fish plays an important role in maintaining telomere length during regeneration of the injured tissues. Telomerase in fish might also be involved in the process of ionizing radiation-induced DNA DSBs repair.
